We report on the complex of a noble-gas hydride HXeOH with carbon monoxide. This species is prepared via the annealing-induced H + Xe + OH···CO reaction in a xenon matrix, the OH···CO complexes being produced by VUV photolysis of the H 2 O···CO complexes. The H-Xe stretching mode of the HXeOH···CO complex absorbs at 1590.3 cm −1 and it is blue-shifted by 12.7 cm −1 from the H-Xe stretching band of HXeOH monomer. The observed blue shift indicates the stabilization of the H−Xe bond upon complexation, which is characteristic of complexes of noble-gas hydrides.
INTRODUCTION
Experimental noble-gas chemistry was ignited by the discovery of xenon hexafluoroplatinate by Neil Bartlett in 1962. 1 A large number of noble-gas compounds were reported later. [2] [3] [4] [5] Matrix isolation technique has played an important role from the beginning of noble-gas chemistry. 6,7 One interesting part of these studies is constituted by noble-gas hydrides with the general formula HNgY where Ng is a noble-gas atom and Y is an electronegative atom or fragment. 4, 8, 9 These exotic molecules are characterized by a charge-transfer character (HNg) + Yand a strong H-Ng stretching absorption. About 30 noble-gas hydrides have been reported to date, including an argon molecule HArF, 10, 11 an organic krypton molecule HKrCCH, 12 and the most recent additions to this family HKrCCCl, HXeCCCl, and C 6 H 5 CCXeH. 13, 14 Importantly for the present work, HXeOH was prepared by insertion of a xenon atom into water. 15 Noble-gas hydrides are usually prepared in lowtemperature solid matrices by photolysis (or radiolysis) of the HY precursor and subsequent annealing to mobilize the hydrogen atoms and promote the H + Ng + Y reaction. In some cases, these molecules appear directly after UV photolysis of HY/Ng matrices. 10, 16, 17 Matrix isolation is a powerful tool to study non-covalent interactions, in particular, those involving noble-gas hydrides. 18, 19 Due to the relatively weak bonding and large dipole moments, the HNgY molecules can be strongly affected by the interaction with other species. As an interesting feature, these complexes are usually characterized by blue shifts of the H-Ng stretching mode, which means stabilization of the H-Ng chemical bond. For example, the H−Xe stretching mode of the HXeOH···H 2 O and HXeBr···HBr complexes in a xenon matrix exhibits large shifts of +103 and up to ca. +150 cm −1 from that of the corresponding monomers, respectively. 20, 21 The largest shift (ca. +300 cm -1 ) has been reported for the HKrCl···HCl complex in a krypton matrix. 22 On the other hand, there are examples of the weaker complexes with relatively small shifts, such as the HXeBr···N 2 (+11.5 and +16 cm -1 ) and HXeCCH···HCCH (from +19 to +28 cm -1 ) complexes 4 used as purchased. Distilled water was deionized prior the sample preparation. Since formic acid and water are easily adsorbed on glass surfaces, the bulb was passivated with these vapors by several fill-keep-evacuate cycles prior to the mixture preparation. The matrices were deposited onto a CsI window cooled by a closed-cycle helium cryostat (RDK-408D2, SHI). The best results were obtained for deposition of matrices at 30 K. The HCOOH/Xe matrices were photolyzed at 4.3 K by 250-nm light (10 Hz, ∼5 mJ cm −2 ) of an optical parametric oscillator (OPO, Sunlite, Continuum).
After UV photodecomposition of formic acid, the matrices were exposed to VUV light (130-170 nm) of a Kr lamp (Opthos) using electric power of ~30 W. The H 2 O/CO/Xe and H 2 O/Xe matrices were photolyzed only by the VUV light. The IR absorption spectra in the 4000-600 cm −1 range were measured at 4.3 K with an FTIR spectrometer (Vertex 80, Bruker) using 1 cm -1 resolution and 500 scans.
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Experimental results UV photolysis of formic acid in noble-gas matrices leads to large amounts of the H 2 O···CO complexes. 43 H 2 O and CO monomers and CO 2 (possibly complexed with H 2 ) are also produced in some amounts. In a xenon matrix, the H 2 O···CO complexes obtained by 250-nm photolysis of formic acid mainly have the structure HOH···OC where a hydrogen atom of water interacts with the oxygen atom of carbon monoxide (spectrum a in Figure 1 ). In this structure, the CO stretching mode is red-shifted from that of CO monomer (2133.0 cm −1 ). Annealing of the photolyzed matrix at 45 K increases the amount of the second structure HOH···CO where a hydrogen atom of water interacts with the carbon atom of carbon monoxide; however, the HOH···OC structure still dominates. In the HOH···CO structure, the CO stretching mode is blueshifted from that of CO monomer. To recall, after photolysis of formic acid in neon, argon, and krypton matrices, the HOH···CO structure dominates, which is in contrast to a xenon matrix, and this difference is unclear.
Deposition of an H 2 O/CO/Xe mixture also produces the H 2 O···CO complexes in a xenon matrix, in addition to H 2 O and CO monomers (spectrum b in Figure 1 ). Interestingly, the HOH···CO structure dominates in this case, in contrast to the situation with UV photolysis of formic acid. The strongest bands of the H 2 O···CO complex prepared by these two methods are given in Table 1 . These results are in a reasonable agreement with the calculations: 43 ν(CO) and ν 2 (H 2 O) are higher for the HOH···CO structure whereas the water stretching frequencies are higher for the HOH···OC structure. Spectrum c in Figure 1 shows a reference spectrum of a H 2 O/Xe matrix mainly with water monomers. Figure 1 ).
VUV light decomposes water molecules in a xenon matrix. VUV photolysis of the H 2 O···CO complex can produce the OH···CO complex and trans-HOCO radical. 40 For the H 2 O···CO complex prepared from formic acid (spectrum a in Figure 2 ), the amount of the OH···CO complex (with bands at 3520.0 and 2145.0 cm −1 ) is rather small whereas trans-HOCO (with a characteristic band at 1834.4 cm −1 ) is produced in substantial amounts. 40 For VUV photolysis of the co-deposited H 2 O/CO/Xe matrix, the amount of the OH···CO complex substantially increases (spectrum b in Figure 2 ), whereas the formation of trans-HOCO becomes less efficient. These results confirm our recent hypothesis that the OH···CO complex is produced preferentially from the HOH···CO structure rather than from the HOH···OC structure. 40 The amounts of CO monomers and CO 2 (possibly complexed with H 2 ) increase upon VUV photolysis in both cases. The OH···CO bands are evidently absent after photolysis of the H 2 O/Xe matrix (spectrum c in Figure 2 ). In this case, the OH radical (3531.2 cm −1 ) and the OH···H 2 O complex (3402 cm −1 ) are observed, originating from photolysis of water monomers and dimers, respectively. 20 In all these matrices, the progression of the (XeHXe) + bands with the main component at 730.5 cm −1 appears after VUV photolysis. 44 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 the HXeOH···CO complex is marked with an asterisk. The negative band at 1588.1 cm −1 seen in spectrum a belongs to the H 2 O···CO complex (Table 1) .
VUV photolysis of water produces hydrogen atoms in the matrix. In solid xenon, hydrogen atoms are thermally mobilized above ~35 K. 41 is observed. 40, 45 In matrices containing residual HCOOH, trace amounts of trans-H 2 COOH are found after annealing (959.6 and 957.8 cm −1 ) due to the HCOOH + H reaction. 46 In addition, the H−Xe stretching bands of a number of noble-gas hydrides appear in all three types of matrices:
HXeOH (1577.6 cm −1 ), 15 HXeO (1466.1 cm −1 ), 47 HXeOXeH (1379.7 cm −1 ), 48 and HXeH (1165.9
and 1180.6 cm −1 ). 49 Annealing at 35-45 K efficiently decomposes the OH···CO complex, producing trans-HOCO, in agreement with the previous data. 40 In the matrices containing (prior annealing) the OH···CO complexes (spectra a and b in Figure 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Noble-gas hydrides are photolabile species and their photodecomposition helps the identification of relatively weak bands of their complexes. [20] [21] [22] 50, 51 In the present work, a low-pressure mercury lamp (254 nm) was used to decompose the noble-gas hydrides. For matrices containing both H 2 O and CO, the 1590.3 cm −1 band of the HXeOH···CO complex decreases in intensity synchronously with the band of HXeOH monomer (spectra a and b in Figure 4 ). For the H 2 O/Xe matrix, this band does not appear in the decomposition spectrum (spectrum c in Figure 4 ). Other xenon hydrides (HXeO, HXeOXeH, and HXeH) are also decomposed by 254-nm light with different efficiencies.
As seen in Figure 4 , some redistribution of intensities of the water monomer bands occurs at low temperature (even in the dark), and this redistribution is opposite to that produced by annealing ( Figure 3 ). Spectrum d represents the result of 254-nm irradiation of a H 2 O/CO/Xe matrix annealed at 27 K (after VUV photolysis). In this case, the bands of HXeOH and HXeOH···CO have similar intensities but they are substantially weaker than after annealing at 45 K.
COMPUTATIONAL DETAILS AND RESULTS
Computational details All ab initio calculations in this work were performed in the framework of GAUSSIAN electronic structure program. 52 Electron correlation was considered via Møller-Plesset perturbation theory to second order (MP2). 53, 54 For xenon, the relativistic effective core potential aug-cc-pVTZ-PP basis set 55 was used as retrieved from the EMSL Basis Set Exchange database. 56 For oxygen, carbon, and hydrogen, the Dunning augmented triple-zeta basis set aug-cc-pVTZ was used. 57, 58 The Mulliken charges, natural population analysis, 59 as well as anharmonic vibrational frequencies and intensities computed according to the method of Barone, 60,61 were all acquired as implemented in the GAUSSIAN. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12
The interaction energy was obtained as a difference of the total energy between the complex and the monomers at an infinite distance, where the monomer wavefunctions were derived in the dimer centered basis set. This approach corresponds to the counterpoise correction proposed by Boys and
Bernardi aimed to minimize the basis set superposition error (BSSE). 62
Computational results
The calculations predict six structures of the HXeOH···CO complex (see Figure 5 and Table 2 ). The atomic partial charges, harmonic spectra, and harmonic and anharmonic shifts are given in Tables 3, 4 In two structures (III and IV), carbon monoxide interacts with the oxygen atom of the OH group of HXeOH via the carbon and oxygen atoms, respectively (van der Waals bond lengths of 2.87 and 3.02 Å). Structure III is stronger than structure IV (interaction energies -9.20 and -6.75 kJ mol −1 after BSSE correction), and these two structures show the strongest interaction among the found ones. The H−Xe stretching mode of these two structures shows small blue shifts (harmonic shifts 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  Table 2 . Distances (in Å), angles (in degrees) and relative and interaction energies (in km mol -1 ) of the monomers and complex structures at the MP2/aug-cc-pVTZ-PP level of theory. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 47 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 46 47 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 46 47 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 18 The HXeOH···CO species is the first complex of a noble-gas hydride with carbon monoxide and the second complex of an interesting species HXeOH (after the HXeOH···H 2 O complex). 20 The spectral effect of CO on HXeOH is similar to that of N 2 on HXeY (Y = Cl and Br). 23 Now, we discuss the structural assignment of the experimental complex based on the ab initio 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 interacts with the carbon atom. In this situation, structure I probably forms first upon annealing and then reorganizes to a more stable structure. It is plausible that this reorganization leads to the most stable structure III. The calculated shift of the H-Xe stretching mode of structure III is slightly closer to the experimental value (9.8 vs. 12.7 cm −1 ) than that of structure IV (7.5 cm −1 ) even though it is not a strong argument.
Monomers
The mechanism of the formation of the HXeOH···CO complex is not straightforward because of the Figure 4 ). It is remarkable that the amounts of the HXeOH···CO complexes and HXeOH monomers are comparable after this "low-temperature" annealing. Second, a small part of the OH···CO complexes can be still present in the matrix above 35 K, which increases the amount of the HXeOH···CO complexes. At the higher temperatures, the formation of HXeOH monomers is more efficient than that of the HXeOH···CO complexes. Third, the thermal mobility of CO molecules can also lead to the HXeOH···CO complexes due to their attachment to HXeOH monomers. To recall, the formation of the complexes of some noble-gas hydrides with acetylene occurs due to thermal mobilization of acetylene. 24, 50 ASSOCIATED CONTENT 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 22 of 29
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